A number of activity-dependent and activity-indepenscreen led to the identification of the highwire (hiw) dent mechanisms appear to control the dramatic larval gene. In hiw mutants, the specificity of motor axon growth of this synapse. Long-term activity-dependent pathfinding and synapse formation appears normal.
Introduction tion of Fas II is both necessary and sufficient for structural plasticity at this synapse: FasII mutants that deOnce synapses form, most of them are not static but crease Fas II levels by ‫%05ف‬ lead to sprouting, similar to continue to expand and retract throughout the animal's eag Sh and dnc, while transgenes that maintain synaptic life. What is the molecular machinery that controls synFas II levels suppress sprouting in eag Sh and dnc. aptic growth? How are synaptic activity and signaling A role for CAMs in the control of synaptic growth is translated into expansion or retraction of synaptic terminot unique to Drosophila. In fact, CAMs of both the immunoglobulin and cadherin families are thought to nals? We reasoned that synaptic growth, like other deplay important roles in the regulation of synaptic growth velopmental processes, is likely to be under both posiin organisms as diverse as snails and mammals (Bailey tive and negative control. To identify such positive and et al., 1992; Mayford et al., 1992; Doherty et al., 1995; negative regulators, we decided to take a genetic apFields and Itoh, 1996; Schachner, 1997). Although CAMs proach in Drosophila, employing genetic screens to unhave been implicated in the control of synaptic growth, cover mutants with changes in the rate and extent of little is known about the molecular machinery that cargrowth of the synapse. ries out this growth process. This lack of knowledge led The most accessible synapse in Drosophila for such us to undertake a genetic approach to identify genes a genetic approach is the neuromuscular junction (NMJ). and genetic pathways controlling synaptic growth. We In contrast to the fairly static NMJ in mammals, the took advantage of a sophisticated behavioral screen of the X chromosome conducted to detect walking mu- ‡ To whom correspondence should be addressed (e-mail: goodman@ tants (Strauss, 1995a (Strauss, , 1995b the larval NMJ of this preselected collection of walking mutants. Using this genetic approach, we identified hiw mutants is dramatic; all NMJs grow exuberantly. hiw encodes a large protein that is localized at periachighwire (hiw) as a gene that controls synaptic growth at the larval NMJ. The increase in synaptic structure in tive zones which surround active zones at synaptic terminals, the same region where Fas II is localized. Hiw appears to function as a negative regulator of synaptic growth. In a pilot effort to look for synaptic structural mutants, we screened a collection of viable mutants on the X chromosome, looking for structural defects at the NMJ of third instar larvae. These 230 mutant lines have various degrees of walking defects in adults (R. S., unpublished data). We used antibodies against synaptotagmin positive branches, the branches are longer, and the branch orders are increased (Table 2) . The synaptic area, the muscle surface area occupied by presynaptic strucin the number of boutons. After correcting for muscle area, hiw synapses also have a 2-fold increase in synaptures, is also increased in hiw mutants (data not shown). This synaptic overgrowth phenotype is 100% penetrant tic size compared with wild type. The combination of hiw EMS chromosome in trans over deficiencies showed in that we observe expanded presynaptic arborizations and an increased number of boutons at every NMJ in essentially identical phenotypes. Developmental curves of both hiw and wild-type larvae (Figure 2 ) can be fitted every segment of every mutant third instar animal.
Results

hiw Mutants Have Expanded Presynaptic Terminals at Neuromuscular Synapses in Third
We quantified several aspects of the mutant phenowith similar types of power functions, but hiw synapses have a larger synaptic size at first instar and grow at a type (Figure 2 ; Tables 1 and 2 ). We counted the number of type I boutons on muscles 6/7 and on muscle 4 (Figure higher rate during further larval stages. On average, there is a decrease of bouton size in hiw 2; Table 1 ). hiw mutants have a 2-fold or greater increase mutants (Figure 1 ). Given the dramatic increase in the Although the morphology of NMJ synapses is dramatically expanded in hiw mutants, the specificity of connecnumber of boutons, this decrease in bouton size might reflect some limitation of one or more structural compotions is not altered. The initial motor axon pathfinding and target selection appear normal. Antibodies that lanents as a result of oversprouting. Type Ib and type Is boutons still can be distinguished from one another in bel both CNS and peripheral axon pathways (anti-Fas II and BP102 mAbs) reveal a normal pattern of axon hiw mutants, although both are smaller than their wildtype counterparts. Our impression is that type II boutons pathways and a normal pattern of muscle innervation (data not shown). We did observe longer and larger and branches are also more numerous in hiw mutants. However, this phenotype is less dramatic and more diffipresynaptic terminal branches on the surfaces of muscles in hiw mutants toward the end of embryogenesis, cult to score, and thus we did not quantitate it.
To compare branching, we measured three aspects but the specificity of contacts was normal. It appears that hiw mutants display the synaptic overgrowth pheof the branching pattern on muscle 12 (Figure 2 ; Table  2 ). We chose muscle 12 for this analysis because its notype from the onset of synaptogenesis during embryogenesis. This is consistent with our observation that innervation is relatively planar and accessible, and the branching pattern of that innervation is relatively simple hiw first instar larvae, even 30 min after hatching, already display a dramatic increase in bouton number (34 Ϯ 3 in wild-type larvae, making it easier to quantitate branch number and complexity. First, we examined the total boutons in hiw [n ϭ 7] versus 17 Ϯ 1 in wild type [n ϭ 18] at muscles 6/7) and increase in synaptic span (56% Ϯ length of this synapse (of only those branches containing type I boutons) as a function of the length of the 3% of muscle length in hiw versus 27% Ϯ 2% in wild type at muscle 12). muscle ( Figure 2C ; Table 2 ). We find that from the first larval instar stage onward, the synaptic length in hiw mutants is greater than in wild type. This relationship is maintained throughout larval development.
Several Synaptic Components Are Localized Normally at hiw Mutant Synapses Second, we measured the length of the two longest branches ( ( sistent with the observation that hiw mutants are viable examined serial sections of both hiw and wild-type bouand are not severely impaired in motor behaviors. tons at muscle 6 (segment A3) of third instar larvae in To further examine the relationship of FasII and hiw, the electron microscope (EM). We found that the hiw we tested whether overexpression of Fas II either premutant synapses have active zones with T bars, clusters or postsynaptically could rescue the hiw mutant phenoof synaptic vesicles, and other features that appear wildtype. We found that Fas II overexpression cannot rescue type ( Figure 3E ). The postsynaptic SSR also appeared the hiw mutant phenotype (data not shown). This sugnormal in size and shape ( Figure 3E ). We quantified gests that FasII is not downstream of hiw in the genetic some of these characteristics from serial sections of 9 control of synaptic growth.
hiw boutons and compared them with similar data from 18 wild-type boutons. We find that although hiw boutons are, on average, smaller than wild-type boutons, they hiw Mutant Synapses Appear Normal Ultrastructurally nevertheless have the same relative bouton surface area Given the dramatic structural phenotype we observed per active zone (1.19 Ϯ 0.12 m 2 in hiw compared with at hiw NMJ synapses, we wondered whether the ultrastructure of these mutant synapses was affected. We 1.01 Ϯ 0.08 in wild type, p ϭ 0.22, Student's t test). In observe an obvious reduction in synaptic vesicle distriwe obtained genomic sequences flanking the hiw EP insert. The 5Ј flanking sequence matched an expressed bution in hiw mutants, the reduction in quantal content suggests more subtle defects in the release mechanism.
sequence tag (EST) from the BDGP database (cDNA clone LD10566) that encodes a protein of 825 amino acids. Using 3Ј genomic DNA fragments as probes, we Mapping the hiw Locus and Identification of the hiw Transcript screened a Drosophila embryonic cDNA library and identified an incomplete cDNA clone encoding a differThe hiw locus was mapped by complementation analysis to lie between 12F and 13A on the X chromosome. ent transcript. Using this analysis, we determined that hiw EP was inserted between two genes, which we refer Deficiency ( transcript as the candidate for hiw based on the expressynapses on muscle 5 and muscles 21-24 were missing, n ϭ 516 hemisegments). In contrast, injection of the sion pattern.
We employed the RNA interference technique (Fire dsRNA encoded by gene B produced expanded synapses identical to those seen in hiw mutants (92.5% of et al., 1998; Kennerdell and Carthew, 1998) to test the candidacy of both transcripts. Double stranded RNA the larval segments examined had hiw-like expanded synapses, n ϭ 384 hemisegments). (dsRNA) fragments from both transcripts were generated and injected into embryos carrying the CD8-GFPThe results from the RNA interference experiments suggest that hiw is encoded by the neurally expressed Sh marker (see Experimental Procedures). The CD8-GFP-Sh marker allows us to visualize NMJ synapses gene B. In an independent screen for synaptic morphology mutants on the X chromosome (A. D., unpublished in third instar larvae (Zito et al., 1999 , -9, -16, -42, -51, and -69; Figure 5A ). We tive zones. subsequently found two additional P element insertions,
In the other screen ( genic region at later stages and reaches its peak around and a coiled-coil domain. We did not detect any signal stage 13, when both CNS and PNS neurons clearly expeptide or transmembrane domains. Thus, we infer that press this transcript ( Figure 6A ). After embryonic stage HIW is a putative cytoplasmic protein.
14, the strength of CNS and PNS cell body expression When we searched the NCBI database, we found that starts to decrease. By stages 16 and 17, we observe HIW is homologous to a human protein called HIW protein is detectable at early embryonic stages Experimental Procedures). The HIW mAb detects this HIW protein fragment ectopically expressed in muscles in the CNS (data not shown). In contrast to the mRNA expression, we did not see a peak of protein expression or in tracheal branches (data not shown), further confirming its specificity. When the horseradish peroxidase around stage 13. Rather, antibody staining reveals that HIW protein expression in the CNS is, by and large, (HRP) product is overdeveloped, the antibody also faintly stains the surface of muscles and each of their constant from stage 13 through the end of embryogenesis (data not shown). Within the CNS, most of the protein attachment sites (data not shown). However, we believe that this staining is due to the recognition of an unrelated is expressed in the region of the longitudinal axon tracts around which the synaptic neuropil forms ( Figure 6D ). protein(s) since this staining is still present at about the same level in all of the hiw mutants. We see no protein in the CNS nerve roots, none in the peripheral motor and sensory nerves, and very little in the commissural axon pathways. Thus, its expression correlates with where the synaptic neuropil forms in the
HIW Expression at Synaptic Boutons Is Localized to Periactive Zones CNS. Outside the CNS, the predominant location of HIW protein expression is at NMJ synapses in the embyro
To study the localization of HIW at individual boutons, we employed confocal microscopy. We first examined ( Figure 6B ). We first observed protein expression during stage 16, just as these synapses are forming.
HIW alone and observed that the staining is not uniform in boutons but rather is confined to patches ( Figure 7D ). In third instar larvae, we observe protein expression at the NMJ and at the CNS neuropil ( Figure 6E ; data not We next performed double labeling experiments with HIW and other synaptic markers. Antibodies against Syt shown). Type I synaptic boutons are clearly stained at all NMJs on all muscles. We also detect weaker staining and DLG (Budnik et al., 1996) label synaptic terminals in a rather uniform fashion. Double labeling with antiof type II boutons. The synaptic staining is largely absent at the NMJ in hiw mutant alleles ND8 (Figure 6F ), -9, HIW and anti-Syt, as well as anti-DLG, confirms that HIW is not uniform within synaptic boutons (data not and -69, and is greatly reduced in hiw mutant alleles hiw EMS , ND16, and ND51. In addition, we generated a shown).
To further identify the position and significance of transgenic line of flies (pUAS-HIW
C1-LD
) that ectopically expresses a fragment of HIW protein containing the epithese HIW patches, we looked for antibodies that label active zones versus the areas around active zones, tope used for generating the antibody ( Figure 5B ; see (Figures 7E and 7F) . These data vesicles) measured 570 Ϯ 50 nm, while the areas beindicate that HIW is localized to the periactive zones tween them (the periactive zones) were all stained by that surround the active zones. the anti-HIW antibody and measured 1389 Ϯ 144 nm. Interestingly, we observed a similar pattern of expresGiven the variability of these measurements, the HIW sion of the CAM Fas II. Fas II staining is seen in nonoverexclusion zone width of 570 Ϯ 50 nm in the immunolapping areas around Pak staining ( Figure 7B ; this result EM is in the same range as, but is a bit wider than, was first described to us by C. Hama, personal commuour independent assessment of active zone width in nication; see also Figure 7B ). isolated in a behavioral screen that selected for viable Our results suggest that HIW functions largely on the mutations. We subsequently isolated 12 additional EMS presynaptic side of the synapse. Certainly, at the NMJ, alleles. All 13 EMS alleles and 3 P element alleles are we detect high levels of hiw mRNA in motor neurons and viable, either alone or in trans over one another, or over undetectable levels in muscles. We have been unable to either of two deficiencies that remove the gene. Several perform transgenic rescue experiments of this gene in of these alleles are likely to be true nulls based on their Drosophila due to the enormous size of the ORF and phenotype over deficiencies and the presence of premathe complexity of the genomic region containing the hiw ture stop codons. Thus, the hiw mutant phenotype detranscript. Nevertheless, we have been able to use a scribed here-viable flies with dramatic synaptic overpartial hiw cDNA transgene to generate a dominantgrowth-is likely to represent the true null phenotype.
negative phenotype in which the NMJ overgrows, just as The adult walking defect described for the original in hiw loss-of-function mutants. This dominant-negative hiw EMS allele was mapped within the same deficiencies phenotype is only observed when the HIW fragment is that remove the hiw gene (R. S., unpublished data). We expressed on the presynaptic rather than postsynaptic also observed similarly expanded synaptic structures side of this synapse, further suggesting that HIW protein at adult NMJs (data not shown). We have not tested any normally functions on the presynaptic side. of the new hiw alleles for walking defects, and so we The homologous gene in the nematode C. elegans, cannot say with certainty that the behavioral defect seen rpm-1 also seems to function cell autonomously in prein the original allele is due to the loss of hiw function. niques are much more difficult to apply to identified terminal arbors and synapses in the CNS. We have been Physiologically, hiw synapses are functional, as is evident from the viable nature of the null mutants and the unable to find single cell probes that would allow this kind of quantitative analysis in the fruit fly CNS. fact that they are capable of many motor behaviors. Nevertheless, we speculate that HIW might function growth. Too much adhesion stabilizes the synapse and at many synapses, and not just the NMJ. First, hiw mRNA inhibits growth; a reduction of adhesion destabilizes is expressed by all CNS and PNS neurons. Interestingly, the synapse and permits growth. It is at this interface toward the end of embryogenesis, we detect hiw mRNA between synaptic stabilization and the regulation of synin the synaptic neuropil in the CNS, suggesting that aptic growth that HIW appears to function. hiw mRNA may be actively transported to near CNS Mutations in other genes have been identified that synapses. We did not observe hiw mRNA in motor or lead to an increase in synaptic sprouting and growth at sensory axons in the periphery. We also did not observe the Drosophila NMJ, including K ϩ channel mutants, such hiw mRNA in the nerve roots in the CNS. Thus, we conas eag Sh (Budnik et al., 1990) , and mutants in the cAMP clude that hiw mRNA is localized in the areas where the phosphodiesterase dnc (Zhong and Wu, 1991; Zhong et synaptic neuropil forms. Whether hiw mRNA is exal., 1992). Although these genetic conditions lead to pressed specifically at synapses awaits future investisynaptic sprouting, none of them are as dramatic as is gation.
hiw. No other known mutation has such a tremendous Second, HIW protein, as detected with anti-HIW antiovergrowth phenotype at this synapse as does hiw. bodies, is localized in the periphery at synaptic terminals Taken together, all of these considerations lead us to of the NMJ, and in the CNS throughout the synaptic conclude that HIW normally functions to control synapneuropil. Since we did not observe any axonal staining tic stabilization and growth. with the antibody, we think the staining is consistent with HIW being localized at synapses. machinery, the clustered synaptic vesicles, the machin-A second and more likely possibility is that HIW funcery to move and restrain vesicles, and the modulators tions in a mechanism that regulates either synaptic staand regulators of transmitter release. Synaptic function bilization, synaptic growth, or both. The major phenois associated with the active zone. But the active zone type is synaptic overgrowth. It is difficult to distinguish does not contain all functions associated with the between a model in which the primary function of HIW is synapse. for synaptic stabilization versus one in which the primary
Comparison of HIW with Piccolo and Bassoon
In the present paper, we provide evidence supporting function is for synaptic growth. Moreover, these two the idea (M. Sone et al., submitted) that the zone outside processes are likely to be intimately linked.
of the active zone-the periactive zone-is an important At the Drosophila NMJ synapse, the CAM Fas II conarea that contains the regulatory machinery for synaptic trols synaptic stabilization. In its complete absence, the stabilization and growth. M. Sone et al. (submitted) resynapse retracts (Schuster et al., 1996a) . But Fas II levels cently showed that the CAM Fas II and the guanine control synaptic growth, and these levels of Fas II are nucleotide exchange factor (GEF) SIF are both localized regulated by neural activity (Schuster et al., 1996b) . A in the periactive zone. We show here that HIW protein 50% decrease in Fas II leads to an increase in presynapis also localized to the periactive zone and confirm the tic sprouting and growth. These data suggest that while localization of Fas II. We were unable to perform double adhesion is required for synaptic stabilization, the modulation of the levels of adhesion regulate synaptic labeling experiments with HIW and Fas II because both antibodies were generated in mice. Nevertheless, we overgrowth, increasing the number of boutons and the complexity of presynaptic branches. We see no defect believe that these two proteins are colocalized to the in axon pathfinding, target selection, or the initial stages periactive zone based on their similar localization patof synapse formation. 1995a, 1995b) . The 12 ND alleles were generated in an EMS screen A BamHI cDNA fragment encoding HIW amino acids 2684-2818 for recessive enhancers of an uncharacterized mutant that has a was cloned into pQE31 (Qiagen). The 18 kDa 6ϫ His-tagged fusion dominant synaptic morphology phenotype (A. D. and C. S. G., unprotein was expressed in E. coli stain XL-1 blue and purified using published data). hiw deficiencies used in mapping were RK2/FM7c
Ni-NTA resin as described by the manufacturer (Qiagen). Balb/c and RK4/FM6 (Drysdale et al., 1991) immuno-EM, the larvae were rinsed with Na cacodylate buffer and species were generated from the T3 and T7 promoters in the vector fixed an additional 10 min with 0.05%-0.1% glutaraldehyde in Na using Megascript (Ambion). DsRNA species were produced by ancacodylate buffer. The fixed larvae were incubated sequentially with nealing equimolar quantities of sense and antisense RNAs. All RNA anti-HIW (1:10) overnight at 4ЊC, biotinylated goat anti-mouse secspecies were checked and quantitated on agarose gels. DsRNAs ondary antibody (1:200) for 1 hr at room temperature, and then in annealing buffer (1 mM Tris [pH 7.5], 1 mM EDTA) were injected streptavidin-conjugated HRP (1:200) for 1 hr at room temperature. into the posterior end of CD8-GFP-Sh embryos at stages 1-4, 4-9, Serial sections were cut at a thickness of 70 nm. or 9-12. Third instar larvae developed from the injected embryos were heat killed and examined using confocal microscopy in whole Electrophysiology mount.
Intracellular recordings were made from muscle 6, segment A3, in wild-type (Berlin) and hiw EMS third instar larvae as previously deSequencing Mutant Alleles scribed (Petersen et al., 1997). The larvae were dissected in physio-DNA fragments, including different coding regions between hiw logical saline HL3 (Stewart et al., 1994) containing 0.5 mM Ca 2ϩ . cDNA nucleotide 4368 and nucleotide 13894, were PCR amplified Data were used when the input resistance of the muscle was Ͼ5M⍀, from genomic DNA templates made from mutant and wild-type male and the resting membrane potential was between Ϫ60 and Ϫ80 mV. adult flies. Direct sequencing reactions of PCR products were perThe mEJP amplitudes were measured by hand using the cursor formed on ABI automatic sequencer (Promega). Molecular lesions option in Clampfit software (Axon Instrument), and mean mEJP amwere confirmed by sequencing both strands of independently generplitudes were calculated from mEJPs. Mean EJP size was calculated ated PCR products.
by measuring the amplitude of the computer-generated trace average of EJP traces. 
